ABSTRACT -Thin, gel-like, hydrated soft contact lenses are directly placed on human eyes and can be used with a variety of eye drops containing over-the-counter drugs, even though some labels suggest caution. In this study, evaluation was carried out of the cytotoxic potential of soft contact lenses that had adsorbed the active ingredients of over-the-counter eye drops. Although there are some guidelines for in vitro cytotoxicity tests for preclinical biological evaluation of medical materials and devices, the shape of soft contact lenses makes these tests difficult to apply. We developed a new cytotoxicity test in which cored lenses 6 mm in diameter were pretreated with active ingredients and placed in direct contact with Chinese hamster lung V79 cells. Among the 11 chemicals tested, anionic and hydrated type-IV lenses that had been soaked in benzalkonium chloride, berberine chloride, and chlorhexidine indicated cytotoxic potential toward the cultured cells. Solutions of 0.002%-0.004% benzalkonium chloride, 0.025% berberine chloride, and 0.008% chlorhexidine were not cytotoxic to the cultured cells under the experimental conditions; however, type-IV lenses that had been immersed in the same concentrations of these active ingredients showed significant cytotoxicity to the cultured cells. These results suggest that cytotoxicity to the ocular surface may be caused by soft contact lenses that have been soaked in the usual ranges of nontoxic eye drops containing benzalkonium chloride, berberine chloride, and chlorhexidine. This modified in vitro safety test system for cored soft contact lenses is of use for evaluating the cytotoxic potential of ophthalmological drugs adsorbed on soft contact lens surfaces.
INTRODUCTION
Thin, gel-like soft contact lenses are directly placed on eyes to correct various vision problems and tend to be compatible with modern lifestyles (Chalmers et al., 2011) . However, some active components contained in ophthalmological drugs are unsuitable for use with soft contact lenses because of problems caused by the adsorption of the chemicals on soft contact lens surfaces. A previous clinical report showed that preservative-adsorbed soft contact lenses could cause diffuse superficial punctate keratopathy (Mizutani et al., 1995) . Soft contact lenses are classified by the US Food and Drug Administration into four groups based on their contents of ionic polymers and water (Tabuchi et al., 2009) . We previously studied the mechanisms of adsorption of active ingredients in over-the-counter eye drops on soft contact lens surfaces (Tabuchi et al., 2009 ). The adsorption rates were increased with increasing hydrophobicity of the active ingredients; the adsorption was predominantly governed by hydrophobic interactions of active substances with soft contact lens surfaces, although electrostatic interactions played an additional role (Tabuchi et al., 2009) . Two in vitro testing methods for the cytotoxicity of soft contact lenses with respect to Chinese hamster lung V79 cells are listed in guidelines for preclinical biological evaluation of Evaluation of cytotoxic potential of cored soft contact lenses with adsorbed active ingredients from over-the-counter eye drops medical materials and devices (MHLW, 2003; Tsuchiya, 1994) . These cytotoxicity tests use the direct contact method and use extracts to determine the effect on colony formation. However, it should be pointed out that neither test system is particularly suitable for evaluating the effects of the uptake of drugs into actual lenses on eyes. Therefore, it is necessary to develop a new test system for evaluating the cytotoxicity of active ingredients in direct use with soft contact lenses.
As far as we know, however, the cytotoxicity of soft contact lenses soaked in over-the-counter ophthalmological drugs has not been characterized in detail. In the present study, we report evaluation of the cytotoxic potential of cored soft contact lenses 6 mm in diameter that have been soaked in active ingredients such as cationic benzalkonium chloride (used in over-the-counter eye drops) by direct contact with cultured cells.
MATERIALS AND METHODS

Materials
Three representative soft contact lenses, Precision UV TM , Bausch & Lomb PureVision ® , and Acuvue ® , and active ingredients commercially available were purchased from the same sources as described previously (Tabuchi et al., 2009 ) unless otherwise specifi ed; lenses were classified as type II (< 1 mol% ionic polymers and > 50% water), type III (> 1 mol% ionic polymers and < 50% water), or type IV (> 1 mol% ionic polymers and > 50% water), corresponding to soft contact lens classifi cation by the US Food and Drug Administration (Tabuchi et al., 2009) . Cored lenses 6 mm in diameter were prepared for cytotoxicity tests by punching with an N-33 puncher (Kokuyo, Tokyo, Japan).
Test solutions containing each active ingredient were prepared using Palitzsch's buffer, consisting of 1.1656 g of boric acid, 0.1147 g of borax, and 0.31 g of sodium chloride in a total volume of 100 ml (Momose, 1984) without any preservative chemicals; maximum concentrations of the test chemicals were set according to the standards for approval of the manufacture of over-the-counter drugs and the dictionary of drug additives. Six cationic ingredients (0.025% berberine chloride hydrate, 0.03% chlorpheniramine maleate, 0.069% ketotifen fumarate (Wako Pure Chemical Industries, Osaka, Japan), 0.05% tetrahydrozoline hydrochloride, 0.01% benzalkonium chloride (Maruishi Pharmaceutical, Osaka, Japan), and 0.008% chlorhexidine gluconate (Wako)), two anionic ingredients (0.05% pranoprofen and 0.02% sodium gualenate hydrate), and three nonionic ingredients (0.4% chlorobutanol (Merk, Tokyo, Japan), 0.05% of l-menthol, and 0.02% propyl parahydroxybenzoate) were used (Tabuchi et al., 2009) . For chlorhexidine gluconate and chlorobutanol, 1.0% propylene glycol (ADEKA, Tokyo, Japan) was used as a solubilizer in the initial dissolution, and for l-menthol, 0.3% polysorbate 80 (Kao, Tokyo, Japan) was used.
Cytotoxicity assay using cored lenses
Chinese hamster lung V79 cells (3 × 10 5 /well, JCRB0603, Health Science Research Resource Bank, Osaka, Japan) were seeded in a 24-well plate with minimal essential medium containing 10% fetal bovine serum (Nacalai Tesque, Kyoto, Japan) and incubated at 37°C under 5% CO 2 in air for 48 hr. The cells were collected, washed with 100 μl of phosphate buffered saline, and suspended in 50 μl of phosphate buffered saline. The test solution (50 μl) or two cored lenses 6 mm in diameter that had been extensively soaked in 3 ml of the test solution in a 10-ml glass vial at 37°C for 7 days (Tabuchi et al., 2009) were added over the V79 cells (Fig. 1) . To investigate the cytotoxicity, the cultured cells were incubated at 37°C under 5% CO 2 in air for 30 min. Finally, the cells were harvested by trypsinization with 0.25% trypsin/ EDTA solution (GIBCO, Tokyo, Japan). After centrifugation and staining with 0.4% trypan blue (GIBCO), cells were counted manually under a phase contrast microscope. The viability of V79 cells was calculated as a percentage of the viability of control cells without test solutions or pretreated cored lenses. Statistical analysis was Fig. 1 . A representative photograph for two cored lenses 6 mm in diameter that had been soaked in a test solution placed over the cells. Cored type IV lenses pretreated with berberine chloride (0.025%) were used in this experiment. The apparent contact area of two cored lenses 6 mm in diameter with cells accounted for 33% of the entire area of each well. This experimental condition was selected because of good handling of both lenses and cells. Vol. 37 No. 3 done using two-way analysis of variance (ANOVA) with Bonferroni post-tests or t test (Prism, GraphPad Software, La Jolla, CA, USA).
RESULTS AND DISCUSSION
The viability of cultured V79 cells was investigated after direct contact with lenses presoaked in 1 of 11 cationic, anionic, or nonionic active-ingredient solutions. Cationic chlorpheniramine, ketotifen, and tetrahydrozoline did not affect the cell viability when adsorbed onto type-IV lenses under the current experimental conditions (Tabuchi et al., 2009) in which saturated adsorption was confi rmed (Fig. 2A) . Similarly, anionic sodium gualenate and pranoprofen (Fig. 2B ) and nonionic chlorobutanol, propyl parahydroxybenzoate, and l-menthol (Fig. 2C) did not affect the cell viability when adsorbed onto type-II and -III lenses, respectively, under conditions in which saturated adsorption was confirmed (Tabuchi et al., 2009) . In contrast, type-IV lenses pretreated with benzalkonium chloride, chlorhexidine, or berberine chloride caused signifi cant decreases in the cultured cell viability ( Fig. 2A) : adsorbed benzalkonium chloride resulted in 79% suppression of cell viability, compared with 34% suppression by chlorhexidine and 28% suppression by berberine chloride. In the present cytotoxicity study, the apparent contact area of the cored lens with cells accounted for 33% of the entire area of each well. Therefore, the more than 33% suppression mediated by benzalkonium chloride would suggest that adsorbed benzalkonium chloride exhibited cell toxicity by both direct and indirect actions on the biomarker cells.
Some studies have reported the adverse effects of benzalkonium chloride on the corneal epithelium (Gasset et al., 1974) . A concentration range of 0.002%-0.005% benzalkonium chloride has been reported as less damaging to the ocular surface (Takahashi and Sasaki, 1989) . We compared the cytotoxicities of 0.001%-0.01% benzalkonium chloride solutions alone and those of type-IV lenses immersed in solutions with the same concentration range of benzalkonium chloride. As shown in Fig. 3 , the cultured cell viability for 0.001%-0.004% benzalkonium chloride solutions was approximately 100%. On the other hand, when type-IV lenses were pretreated with 0.002%-0.004% benzalkonium chloride solutions, signifi cant cytotoxic effects on the cultured cells were evident, as evaluated by two-way ANOVA (Fig. 3) . In a preliminary study, benzalkonium chloride concentrations adsorbed on soft contact lenses were approximately 500 times higher than those in the corresponding solutions (not shown). Since it has been reported that 10%-15% by volume of adsorbed benzalkonium chloride may be released from lenses after 24 hr immersion in 2 ml saline (Ueda, 2007) , relatively high concentrations of benzalkonium chloride seem to be released from type-IV samples and demonstrate higher cytotoxic potential than the corresponding solutions alone.
Similarly, we evaluated the adsorbed toxicity of 0.008% chlorhexidine and 0.025% berberine chloride solutions. As shown in Fig. 4 , these sample solutions were not cytotoxic; however, type-IV lenses soaked in these chlorhexidine and berberine chloride solutions were signifi cantly cytotoxic. Chlorhexidine solution (0.001%) has been shown to be cytotoxic to V79 cells after 6 hr of incubation (Kimura, 1985) . The cytotoxicity of berberine chloride with respect to V79 cells has not been reported Fig. 2 . Effects on cell viability of cored type-IV, -II, and -III lenses presoaked in solutions containing cationic (A), anionic (B), and nonionic (C) active ingredients in eye drops, respectively. Viable V79 cells stained with 0.4% trypan blue were manually counted under a phase microscope after two cored lenses 6 mm in diameter that had been soaked in an active-ingredient solution at 37°C for 7 days (Tabuchi et al., 2009) yet, although berberine chloride has been shown to have a wide range of pharmacological effects against human cancer cells (Hano, 1957) , human leukemia HL-60 cells, and mice leukemia WEHI-3 cells (Lin et al., 2006; Yu et al., 2007) . We hypothesized that the cytotoxicity of berberine chloride and chlorhexidine adsorbed on type-IV lenses should be higher than that of each solution because of the confi rmed high concentrations of chlorhexidine and berberine chloride adsorbed on lenses in our preliminary study (data not shown). The present results show that when noncytotoxic ophthalmological drugs that include ingredients such as benzalkonium chloride, chlorhexidine, or berberine chloride are used in conjunction with soft contact lenses, adsorbed and accumulated ingredients may cause unexpected cytotoxicity to the human ocular surface. The present new in vitro test system for cultured cell cytotoxicity is of use for understanding the cytotoxic potential of ophthalmological drugs when used with soft contact lenses. Generally, 7 μl of tear fluid is present on human eyes at a given time.
Eyes have been reported to produce 1.2 μl of tear fl uid per minute, which means that all tear fluid on the eyes is replaced roughly every 5 min (Honda, 1999) . Therefore, when evaluating the cytotoxicity of ophthalmological drugs used in conjunction with soft contact lenses, it is necessary to consider not only the adsorption of active ingredients but also their desorption based on the amount of tear fl uid present on the eyes and the rates of replenishment of tears. In the future, correlation studies will be necessary between the in vivo rabbit eye irritancy test (Tsuchiya et al., 1993) and this new test system for in vitro cytotoxicity of soft contact lenses.
In conclusion, in the present study we developed a modifi ed evaluation method using cored lenses to evaluate the cytotoxicity of active ingredients adsorbed on soft contact lenses. The toxicological potential of benzalkonium chloride, chlorhexidine, and berberine chloride should be considered if they are directly applied onto human eyes when soft contact lenses are being worn. 
